We report a unique mutation in the D-amino acid oxidase gene (R199W DAO) associated with classical adult onset familial amyotrophic lateral sclerosis (FALS) in a three generational FALS kindred, after candidate gene screening in a 14.52 cM region on chromosome 12q22-23 linked to disease. Neuronal cell lines expressing R199W DAO showed decreased viability and increased ubiquitinated aggregates compared with cells expressing the wild-type protein. Similarly, lentiviral-mediated expression of R199W DAO in primary motor neuron cultures caused increased TUNEL labeling. This effect was also observed when motor neurons were cocultured on transduced astrocytes expressing R199W, indicating that the motor neuron cell death induced by this mutation is mediated by both cell autonomous and noncell autonomous processes. DAO controls the level of D-serine, which accumulates in the spinal cord in cases of sporadic ALS and in a mouse model of ALS, indicating that this abnormality may represent a fundamental component of ALS pathogenesis.
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motor neuron disease | neurodegeneration | linkage analysis | ubiquitinated aggregates | apoptosis A myotrophic lateral sclerosis (ALS) is the most common adultonset neuromuscular disease, characterized by progressive muscle weakness, atrophy, paralysis, and death from respiratory failure. Approximately 5% of ALS cases have an autosomal dominant mode of inheritance, and clinically these cases are indistinguishable from sporadic cases of ALS (SALS). One-fifth of FALS cases are caused by mutations in copper/zinc-dependent superoxide dismutase (SOD1) (1) . Recently, mutations have been detected in the gene encoding TAR DNA binding protein 43 (2, 3), a major component of the polyubiquitinated cytoplasmic inclusions characteristic of ALS, and the Fused in sarcoma (FUS) gene, ALS6 (4, 5) . Mutations have also been identified in additional genes, causing rare, atypical forms of ALS: vesicle-associated membrane protein/ synaptobrevin-associated membrane protein B gene (VAPB), which is associated both with late-onset spinal muscular atrophy and ALS, ALS8 (6) ; alsin, associated with juvenile onset recessive ALS, ALS2 (7) ; and senataxin associated with a slowly progressive form of juvenile onset ALS, ALS4 (8) . Additional FALS loci have been reported for classical ALS, ALS3 on 18q identified in a single family (9) , ALS with frontotemporal dementia on 9q21-q22 (10), ALS with frontotemporal dementia on chromosome 9p21.3-p13.3 (11, 12) , and ALS7 on chromosome 20p (13) . Missense mutations have also been reported in both sporadic and familial cases in FIG4, a phosphoinositide phosphatase, which causes a peripheral neuropathy (14) and in angiogenin in cases predominantly of Celtic origin (15) . However, at present known genes only account for ≈30% of familial cases of classical ALS and the remaining genes require elucidation.
We carried out a whole genome screen with microsatellite markers in families with confirmed ALS and lacking known FALS mutations and identified a unique FALS locus on chromosome 12 in a single kindred. Candidate genes within the region were screened, and we report here a unique description of a mutation in the D-amino acid oxidase (DAO) gene, located within this locus, which causes classical adult onset familial ALS (FALS). We also provide evidence for the pathogenic effects of this mutation on cell viability, which are associated with the formation of ubiquitinated aggregates. DAO controls the level of D-serine, which accumulates in the spinal cord in sporadic ALS and a mouse model of ALS, indicating that this abnormality may represent a fundamental component of the pathogenesis of both sporadic and familial cases of ALS.
Results

Clinical Description of FALS Patients in a Chromosome 12-Linked
Family (MB1). A diagnosis of ALS was confirmed clinically in affected individuals in this family according to the El Escorial World Federation of Neurology criteria for Diagnosis of ALS with evidence of both upper and lower motor neuron involvement. Bulbar signs were also present. In the index case, the patient presented with weakness in one hand and arm with small muscle wasting. The age at onset was 40 years and the duration of illness was 21 months. A similar rapid disease progression was seen in other affected family members, with an average age at death of 44 years (range 42-55 yr from seven cases). An autopsy was available for individual 3.7, an obligate carrier who died at 73 years from cardiac failure (previously admitted to investigate right-sided weakness and speech difficulties), which showed some loss of motor neurons at the cervical and lumbar level and degeneration of one of the lateral corticospinal tracts visible at all levels. Frontal and temporal lobes were well preserved. TDP-43 staining in motor neurons was clearly localized to nuclei with no TDP-43 positive nuclear or cytoplasmic inclusions (Fig. S1 ). There was no evidence of cognitive impairment in cases from which DNA was sampled. No mutations were detected in SOD1, VAPB, TAR DNA binding protein, or FUS. This study has been approved by the Riverside Research Ethics Committee (Hammersmith Hospitals NHS Trust) with appropriate informed consent from subjects.
Linkage Analysis. We evaluated a whole genome screen on four FALS kindreds by using microsatellite markers. Multipoint analysis was performed by using Genehunter v2.1 r3 assuming an autosomal dominant model. A maximum logarithm of odds (LOD) score of 2.97 was identified on chromosome 12 (D12S1706 to D12S79), with most of the signal deriving from a three generational FALS kindred (MB1). No LOD scores greater than +0.8 were obtained in chromosomes [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] Author contributions: J.M., P.P., A. To whom correspondence should be addressed. E-mail: j.belleroche@imperial.ac.uk.
This article contains supporting information online at www.pnas.org/cgi/content/full/ 0914128107/DCSupplemental. and 13-22 using this family. After fine mapping of chromosome 12, multipoint parametric analysis of family MB1 using MERLIN v1.1.2 revealed significant LOD scores within a region flanked by D12S338 and D12S79 that contains 146 RefSeq genes and 148 Ensembl genes. Maximum LOD scores of 2.70 were obtained at markers D12S1646 and D12S354 (Fig. 1A) . NPL analysis highlighted the same region with the highest LOD score of 1.94 (P = 1.4 × 10 −3 ) at marker D12S330. Initially, a limited number of candidate genes in the region were sequenced, including thioredoxin reductase-1, ataxin 2, and Damino acid oxidase (DAO), which resulted in the identification of a disease-associated mutation in three affected individuals (3.3, 4.1, and 4.2; Fig. 1B ) plus one confirmed obligate carrier (3.7) transforming a C to T in codon 199 of DAO, resulting in an amino acid substitution of arginine by tryptophan (R→W) at this position (Fig.  1C) . In addition, the mutation was present in three "at risk" individuals (4.3, 4.5, and 4.6) sharing part of the disease haplotype and absent from three unaffected individuals (2.7, 3.4, and 3.5) and spouses (3.9 and 3.6). The ages of the three "at risk" individuals carrying the R199W DAO mutation, 4.3, 4.5, and 4.6, at the time of sampling were 33, 44, and 48 years, respectively, one of whom has been referred to a neurologist to investigate motor symptomatology. We screened for the R199W mutation in a total of 1,002 unrelated individuals (780 controls, 23 sporadic ALS cases, and 199 FALS cases, all of Caucasian origin residing in the United Kingdom, as was the index case and family) to determine its prevalence in the general population, but no further individuals carried this mutation. The R199W mutation in exon 7 was found in 0 of 780 unrelated Caucasian controls and in one index case representing the 12q linked ALS kindred (P < 0.001 using Fisher's exact test). DAO sequencing of a representative affected individual from 196 different FALS families lacking SOD1 mutations (at least 100 individuals per exon) was carried out but no other coding alterations were found. A total of 13 unique and 6 known variants were detected, 17 were intronic/3′ flanking and 2 were exonic (one synonymous SNP and one in the 3′ UTR) ( Table S1 ). Ten of the unique polymorphisms detected were present at low frequencies (<2%).
Other genes and ORFs in the region known to be expressed in spinal cord were also sequenced to investigate the possibility that a second gene mutation in linkage disequilibrium with the DAO mutation was present. The genes sequenced included a serine dehydratase-like enzyme (SDSL) involved in serine metabolism, regulatory factor ×4 (RFX4), a transcription factor involved in transcriptional repression, RNA binding motif protein 19 (RBM19), a nucleolar protein containing six RNA-binding motifs, BRAP, which encodes a protein that binds to the nuclear signal of BRCA1 and other proteins preventing nuclear targeting, glycolipid transfer protein (GLTP) that facilitates glycolipid transfer between membranes, and a vacuolar sorting protein (VPS29) (Table S2 ), but no further disease-associated mutations were found. Although this sequencing did not yield mutations in genes expressed in spinal cord, other genes present in this chromosomal region cannot be excluded. DAO (EC.1.4.3.3) is a peroxisomal flavin adenine dinucleotide (FAD)-dependent oxidase present in most organisms and mammalian tissues, which catalyses the oxidative deamination of D-amino acids such as D-alanine, D-serine, and D-proline to their corresponding keto-acids. In the mammalian CNS, DAO is enriched in brainstem and spinal cord. It was only recently recognized that Damino acids are not only synthesized in the CNS, but also serve essential physiological functions as exemplified by D-serine, which is an activator/coagonist at the N-methyl-D-aspartate (NMDA) glutamate receptor subtype (16) . Human DAO is a 39.4-kDa protein consisting of 347 amino acids. Arg199 is highly conserved between mammalian and lower organisms such as yeast, fungi, and bacteria (Fig. 1D ). Arg199 lies close to the FAD binding site (Fig. 1E ) and between residues Tyr228 and His307, which play a key role in enzyme activity (17) . The regions containing FAD binding and dimer interface domains are shown in Fig. 1F . DAO is found in both neuronal and glial cells, the most intense labeling being seen in hindbrain within gigantocellular reticular and facial nuclei, Bergmann glial cells and Purkinje cells of the cerebellum (ref. 18; and confirmed in Fig.  S2 ). In addition, we show here the presence of DAO in gray matter of spinal cord including motor neurons (Fig. 2A) .
The effect of the R199W mutation on enzyme activity was examined in post mortem spinal cord available from individual 3.7, an obligate carrier, expressing the R199W mutation, compared with four controls and seven sporadic ALS cases. cDNA amplified from spinal cord mRNA yielded a similar size product present in all spinal cord samples, indicating that DAO mRNA was generated in the individual heterozygous for the R199W mutation (Fig. S3) . DAO enzyme activity assayed in control and ALS spinal cord was similar but was markedly reduced in the case expressing the R199W mutation (measured twice by using two different tissue samples) (Table 1) , despite normal levels of mRNA expression, which reflects the potent effect of this mutation on the function of the wild-type enzyme. DAO enzyme activity and mRNA levels were much lower in motor cortex than the spinal cord for all cases including individual 3.7. Immunohistochemistry of DAO in multiple regions from this individual confirmed the presence of DAO protein in cell regions both affected (spinal cord) and unaffected (cerebellum and ventral reticular nucleus) by the pathology (Fig. S1) .
GFP-tagged DAO constructs for wild-type and R199W DAO transfected into COS-7 cells yielded sharply delineated punctate staining, indicative of peroxisomal localization (Fig. 2B) . The peroxisomal localization was confirmed by transduction with a fluorescent marker containing a peroxisomal signal peptide. Both wildtype and mutant GFP-tagged DAO proteins colocalized with the peroxisomal marker (Fig. 2B) . A similar peroxisomal distribution was found for an untagged DAO construct by using a DAO antibody and fluorescently labeled secondary antibody (Fig. S4A) . We also evaluated the effect of the mutation on DAO enzyme activity in cell lysates from COS-7 cells transfected with GFP-tagged wild-type DAO, which yielded an activity of 0.29 ± 0.06 mU/100 μg of cell lysate protein (mean ± SD) from three independent experiments. There was no detectable enzyme activity in lysates from untransfected cells, cells transfected with the empty GFP vector, or GFPtagged R199W DAO, as found in the spinal cord analysis of the autopsy case expressing the R199W mutation.
DAO has been shown to exist as a homodimer in man, being the major form of both the apoenzyme and holoenzyme. To determine whether heterodimers were formed between wild-type and R199W DAO and whether this interaction affected enzyme activity, GFPtagged wild-type DAO and untagged R199W DAO were cotransfected in COS-7 cells. Cell lysates from these cotransfections were immunoprecipitated with anti-GFP antibody and blotted with anti-DAO antibody. As expected, GFP immunoprecipitation pulled down the 67-kDa GFP-tagged protein, whether wild-type or R199W, but in addition the 37-kDa untagged protein was also pulled down (Fig. 2C) . As the wild-type and mutant DAO coimmunoprecipitated, we investigated whether wild-type protein enzyme activity was affected by coexpression with R199W DAO. COS-7 cells were cotransfected with untagged wild-type and R199W DAO, and enzyme activity was measured in the resulting lysates. Cotransfection caused a significant attenuation in enzyme activity compared with wild-type DAO, despite the presence of similar levels of DAO protein in the double transfection compared with the combined single transfections (Fig. S4B) , indicating that DAO was not exclusively present as homodimers but that heterodimers were also formed, which contributed to the reduced enzyme activity, suggesting a potential dominant negative effect of the mutation on the wild-type protein (Fig. 2D) .
To determine whether R199W DAO affected cell survival, we assayed TUNEL labeling in primary rat motor neuron cultures transduced with lentiviral vectors expressing wild-type and R199W DAO (Fig. S5) . Motor neurons expressing R199W DAO showed a 5-fold increase in the proportion of TUNEL-positive cells compared with untransduced motor neurons. Motor neurons expressing either wild-type DAO or the control marker gene, deltaLNGFR (ΔLNGFR) showed a 2-to 2.5-fold increase in TUNEL-positive cells, which was not significantly different from untransduced cells (Fig. 3A) . However, the number of TUNEL-positive cells expressing R199W was significantly increased compared with cells expressing wild-type DAO and control cells expressing the vector (Fig. 3A and Fig. S5 ). Because DAO is known to be abundantly expressed in astrocytes as well as motor neurons, primary astrocytes were transduced with lentiviral vectors expressing wild-type DAO, R199W DAO, or ΔLNGFR and primary motor neurons were layered above. Fewer TUNEL-positive cells were detected in cocultures compared with motor neuron cultures, (2.56% and 3.81%, respectively, in uninfected cells). However, as with motor neuron cultures, a significant increase in the number of TUNEL-positive cells was detected in cocultures with astrocytes infected with R199W compared with wild-type DAO (Fig. 3A) . The reason for the lack of difference between the vector and the mutant in the coculture experiment despite obtaining a significant difference in infected motor neurons alone, where the effect of mutation is significant over both wild-type DAO and ΔLNGFR, is unknown. One possible reason might be that expressing ΔLNGFR molecules on the surface of astrocytes might interfere with motor neuron/ astrocyte interactions.
The present results clearly indicate that the disease-associated mutation R199W reduces cell viability. To explore these mechanisms further we analyzed the effect of the mutation on protein aggregation, ubiquitination, response to ER stress, and cell morphology by using the motor neuron cell line NSC-34. At 72 h after transfection, cells expressing R199W DAO showed a variety of abnormal features including atrophied or shrunken cells and loss of projections affecting the pattern of DAO staining (Fig. S6) , compared with cells expressing wild-type DAO. A prominent feature of R199W cells was the presence of ubiquitinated protein aggregates (0.5 μm or greater in diameter) (Fig. 3B ) and significant increases were detected between wild-type and R199W DAO expressing cells when aggregate-containing cells were quantified (Fig. 3C) . After application of tunicamycin, an ER stress inducer, the significant increase in the number of ubiquitin positive aggregates was maintained in cells expressing R199W DAO compared with controls (Fig. 3C) . The number of atypical shrunken atrophic cells lacking projections (under control conditions) was also increased in R199W DAO compared with wild-type and control cells (Fig. 3C ).
Discussion
The kindred described in this paper predominantly exhibits a severe phenotype with death occurring in the early 40s in 75% of cases. Incomplete penetrance was also evident in an obligate carrier, but neuropathological assessment of this case at autopsy demonstrated motor neuron loss and corticospinal tract degeneration at multiple levels. We identified a mutation in DAO in the chromosomal region segregating with disease and screened for mutations in other genes in this region that are expressed in spinal cord but found no variants associated with disease. However, we cannot exclude the possibility that another mutation may be in linkage disequilibrium with the R199W DAO mutation. Although a causal role for the R199W mutation in DAO in ALS remains to be established unequivocally, increasing evidence supports the involvement of D-serine in ALS. We have demonstrated here that this disease-associated mutation in DAO, R199W, not only causes almost total loss of enzyme activity but also impairs cell viability, promotes the formation of ubiquitin aggregates, and increases apoptosis in neuronal cells. Increased apoptosis was also observed when motor neurons were cocultured on transduced astrocytes expressing R199W, indicating that motor neuron cell death induced by this mutation can be mediated by both cell autonomous and noncell autonomous processes. We have also found evidence of the interaction of the mutant protein with the wild-type protein. It is not possible at present to determine whether the neurotoxic effect of R199W DAO results from the accumulation of the aberrant protein or whether the impaired enzyme activity contributes to pathogenesis. The major consequence of this loss of enzyme activity is the buildup of D-amino acids, of particular interest being D-serine, a coagonist at the glycine site of the NMDA glutamate receptor enhancing glutamate transmission. Animals lacking DAO activity (a spontaneous mutant G181R DAO, ddY/DAO − ) have elevated levels of D-serine in the CNS and show enhanced hippocampal LTP, improved performance in spatial learning tests (19) , enhanced NMDAreceptor-mediated excitatory postsynaptic currents in spinal cord dorsal horn neurons (20) , and reduced locomotor activity (21) .
In ALS spinal cord and in the G93A SOD1 mouse model of ALS, levels of D-serine and serine racemase (SR), which converts L-serine into D-serine (22) , are markedly elevated (23) . D-serine is (Scale bars: 20 μm.) (C) WT and R199W DAO coimmunoprecipitate. COS-7 cell lysates were cotransfected with untagged and GFP-tagged WT or R199W DAO and immunoprecipitated with anti-GFP antibody. Blotting for DAO identified bands at ≈37 kDa and ≈67 kDa in size, corresponding to untagged and GFP-tagged DAO protein, respectively. (D) Effect of mutation on WT DAO enzyme activity determined using untagged DAO constructs. DAO enzyme activity in COS-7 cells cotransfected with WT and R199W DAO (2 μg of each DNA compared with single transfections using 2 μg of DNA). Oneway ANOVA P < 0.0001 with Bonferroni post hoc test indicated. **, P < 0.01. Values are means ± SEM, n = 6. Inset shows a representative experiment using GFP-tagged constructs. Note that higher levels of enzyme activity relative to lysate protein were obtained with the untagged constructs compared with the GFP-tagged constructs because of the greater transfection efficiency.
detected early in disease in G93A SOD1 mice, accumulating around vacuolated motor neurons. Subsequently, D-serine levels increase substantially, initially in astrocytes and towards the end stage in activated microglia, where SR is mainly localized. The initial trigger for induction of SR in the mouse model may be the accumulation of mutant SOD1 protein and/or local inflammatory conditions, which are known to induce SR through the c-Jun-Nterminal kinase pathway (24) . Glutamate action at AMPA receptors also induces SR and D-serine release from astrocytes (25) . Interestingly, enzymes involved in D/L serine metabolism (e.g., phosphoserine phosphatase and 3-phosphoglycerate dehydrogenase) are among the earliest transcriptional changes detected in motor neurons in the G37R SOD1 mouse (26) .
D-serine plays a key role in ALS pathogenesis, indicating the contribution of astrocytes and microglia to disease progression, the effects of which would be potentiated through the R199W DAO mutation. It is also likely that protein aggregation in motor neurons (seen in this study) would occur before glial activation and play a significant role in the initiation of disease in familial cases. The role of different cell types in disease progression is also clearly seen in the SOD1 mouse model of ALS where onset and progression of disease are determined by motor neurons and microglia, respectively (27) . Future studies should focus establish the role of R199W DAO in the pathogenesis of ALS by using in vivo models in order to determine the potential of DAO as a molecular target in ALS and other age-related neurodegenerative disorders.
Materials and Methods
Linkage Analysis. For all individuals used in the linkage study, genomic DNA was extracted from whole blood or buffy coat by standard techniques. The whole genome screen was performed with a total of 378 microsatellite markers spaced ≈10 cM apart. Multipoint parametric linkage analysis of genotyping data were performed by using Genehunter version 2.1 r3. Subjects were classified as affected (2), unaffected (1), and unknown (0). The analysis was carried out by using an affected only model assuming that FALS was inherited in an autosomal dominant were quantified after treatment with DMSO vehicle control (n = 4) (Vehicle) and 1 μg/mL tunicamycin (n = 3) (Tunicamycin), giving one-way ANOVA values of P = 0.0057 and P = 0.044, respectively. Cells with atypical morphology (rounded, shrunken, and with fewer processes) were quantified (Morphology). One-way ANOVA P = 0.0128 (n = 4) with Bonferroni post hoc test indicated. *, P < 0.05; **, P < 0.01. Values are means ± SEM. 3.7 who is heterozygous for the R199W mutation, using a peroxidase coupled method modified from Nagata et al. (26) . A rat spinal cord sample was also assayed in parallel. Values are means + SEMs for the number of cases given in parentheses.
manner. The frequency of the mutant allele was taken as 0.0001. Simple counting estimates were used to determine marker allele frequencies from at least 52 individuals. A total of 33 microsatellite markers spanning 104.37 cM were used to fine map the linked region on chromosome 12. Simulation calculations by using SIMLINK version 4.12 were used to demonstrate the statistical power of the family to detect genetic linkage. Multipoint parametric and nonparametric linkage (NPL) analysis of the fine-mapped region was conducted by using MERLIN (see SI Text for additional details). NPL linkage analysis used all of the affected individuals including the obligate carrier (3.3, 4.1, 4.2, and 3.7), unaffected individuals >63 years (2.7, 3.4, and 3.5), unaffected spouses (3.6 and 3.9), and 6 at risk. A reduced pedigree was used for the parametric linkage analysis with one less at risk individual. DAO enzyme activity in cell lysates. Enzyme activity was determined by using transfected COS-7 cell lysates, and the protocol was developed by Gabler et al. (32) by using D-proline as substrate (see SI Text for additional details).
Statistical Analysis. Cell culture data (mean ± SEM) was tested for normality before analysis. Statistical differences between groups were established by using one-way ANOVA followed by the Bonferroni post hoc test. In all cases differences were considered significant if P < 0.05.
